Introduction
[2] Both the most recent reports of the Intergovernmental Panel on Climate Change [2001, 2007] highlight the uncertainties that still affect the estimate of the contribution of mineral dust to radiative forcing. These are due to a poor knowledge of the concentration field and physicochemical properties of mineral dust.
[3] Three major research tools have been used to investigate these uncertainties: aircraft campaigns, remote sensing, and modeling studies . These authors also warn on the rarity of ground-based field campaigns, particularly in the vicinity of source areas. To be representative of the overall aerosol content in the atmosphere, ground-based campaigns must be coupled with vertically resolved and/or vertically integrated measurements.
[4] Nevertheless, ground-based studies are absolutely necessary to study the impact of mineral dust on health [e.g., Thomson et al., 2006] and on soil fertility [Swap et al., 1992; Valentin et al., 2004] . They are also essential to constrain the models describing the mineral dust cycle, in particular their emission and deposition modules [Gomes et al., 2003; Alfaro et al., 2004; Goossens and Rajot, 2008] .
[5] Since the early work of Schütz et al. [1981] , the Sahara has been recognized as the ''world's largest source of aeolian soil dust'' [Goudie and Middleton, 2001] . To date, it is estimated that the Sahara emits up to 670 Mt per year [Laurent, 2005] . Regarding the contribution of the Sahel to dust emission, it is currently debated , but it might become more important in the future owing to the increasing population of the area [Guengant and Banoin, 2003; Leblanc et al., 2008] . In this case, dust emitted from the Sahel could be considered as being of anthropogenic origin, and should therefore be accounted for when estimating the global radiative forcing of the Earth-atmosphere system.
[6] In wintertime, forest fires for land clearing are commonplace in the southern part of the Sahel that is a major source of biomass burning aerosols. These aerosols are expected to mix with mineral dust that is transported southward toward the Gulf of Guinea by trade winds.
[7] The first field phase of the African Monsoon Multidisciplinary Analysis (AMMA SOP0/DABEX -Dust And Biomass burning EXperiment) has been dedicated to the study of mineral dust, biomass burning aerosols, and their mixing [Redelsperger et al., 2006; Haywood et al., 2008] . In this framework, several ground-based supersites were operated in Niger, Benin and Senegal during the January -February, 2006 period. The Facility for Airborne Atmospheric Measurements (FAAM) BAe-146 was also operated from Niamey, in Niger .
[8] In this paper, we present results from the groundbased measurements of aerosol concentrations and physicochemical properties which were conducted at the AMMA supersite of Banizoumbou, in Niger, from 13 January to 13 February 2006.
[9] First, this paper aims at presenting the field installation, which was designed specially for AMMA in order to take into account the experimental challenges in investigating mineral dust, in particular the sampling of particles larger than 1 mm diameter. Measurements will be discussed to illustrate the general situation of the SOP0 period in terms of meteorological conditions and aerosol type and atmospheric load. The occurrence of specific episodes of intrusion of mineral dust and biomass burning aerosols which were advected at the site will also be illustrated. These episodes will be characterized in terms of their origin, aerosol composition and size distribution.
[10] This paper completes the body of observations on mineral dust source and properties also presented in this special issue of JGR Chou et al., 2008; Osborne et al., 2008] .
Experimental Setup
[11] The AMMA super site of Banizoumbou (13.5°N 2.6°E, 250 m above sea level), is located at a remote location at about 60 km east from the capital of Niger, Niamey (Figure 1 ). This site has been operational since the early 1990s, when the first measurements of soil erosion were performed on a cultivated field and a fallow [Rajot et al., 1995; Rajot, 2001] . Since 1995, the site is also an Aerosol Robotic Network (AERONET) station measuring columnar aerosol optical properties.
[12] Two novel sampling stations were implemented in the framework of AMMA (Figure 2 ). The first one aims at monitoring the aerosol dynamics at the seasonal and interannual timescales (AMMA EOP). It consists of measurements of surface PM 10 mass concentrations and total deposition, as well as measurements of the aerosol vertical profile twice a day.
[13] The second station is designed for intensive measurements (AMMA SOP). It consisted into an instrumented container sampling from two wind-oriented multiline inlets. The container was buried underground in order to avoid disturbances in the airflow. Full details are presented in the following paragraphs. A laboratory was also set up as a clean room where aerosol samples were prepared, conditioned and stored before and after sampling. Sample preparation was performed under a portable laminar flow bench. Both the container and the laboratory were powered by a 10 KVA diesel power generator. In order to avoid contamination, this was installed at 160 m north of the container (Figure 2 ). Northerly winds are really rare at the site.
[14] The station was operated between 13 January and 13 February 2006 in order to encompass the entire AMMA SOP0/DABEX field campaign.
Isokinetic Particle Collector (IPC)
[15] Aerosol sampling was performed using two identical inlet systems novelty designed for the AMMA field campaigns. The objectives of this instrumental development were twofold. First, the inlets should be able to serve, on the same air mass, online instruments and filter sampling. Second, distortion in the aerosol size distribution should be minimized. This was true in particular for particles in the coarse fraction, which dominate the mass size distribution of mineral dust aerosols.
[16] The inlet system, called IPC (Isokinetic Particle Collector), is shown in Figure 3 . It consists in a sampling head (56 mm diameter), which is nearly isokinetic at the mean wind speed ($6 m s À1 ) expected at the site in wintertime. The airflow is kept constant at 50 m 3 h À1 by a rotating pump (Minijammer 119379-01, AMETEK Kent USA) controlled with a volume flow controller inserted in the airflow (DMT-586A, System-C-Industrie, Saint Paul Trois Châteaux, France). In order to optimize the collection of larger particles, the sampling head is equipped with a wind vane to make it always face the wind.
[17] The sampling head is followed by a 110-mm divergent where particles are decelerated and transported into a 
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RAJOT ET AL.: DUST DYNAMICS DURING AMMA-SOP0 IN NIGER vertical cylindrical chamber (150 mm diameter, 2.7 m high) where 7 sampling lines are inserted. Preliminary calculations suggest that particles of aerodynamic diameter of about 40 mm are transported with 50% efficiency at the entrance of the sampling lines.
[18] The seven sampling lines can be connected to a different online instrument or off-line collector. The diameter of each line is calculated so to match the nominal flow rate needed by instruments. Because of the large number of online instruments and collectors to be installed to document the aerosol physicochemical properties, two IPCs were deployed in parallel (Figure 4 ). The sampling frequency was fixed at 5 min for the automatic instruments, whereas the exposure times for aerosol collectors such as filters varied according to the atmospheric concentrations. A GRIMM optical particle counter (GRIMM OPC 1.108, GRIMM Aerosol Technik GmbH & Co., Ainring, Germany) was installed behind each IPC in order to check whether the two inlet systems had identical performances in terms of aerosol transmission. The results of this test were very encouraging. For the whole of the campaign, the correlation of particle number measured in parallel on the two IPC was excellent (R 2 $ 0.99). A systematic bias in the slope of the regression line was identified as due to differences in the GRIMM OPCs counting efficiencies and not to in the IPC particle transmission.
[19] In order to avoid perturbation in the airflow and to protect the instruments from the surrounding environment (dust, changes in temperature), an air-conditioned container (L Â W Â H = 6 Â 2.5 Â 2.5 m 3 ) was buried underground and under the IPCs. When doing so, the sampling head of the IPCs was at 2.2 m above ground. The height of the container was sufficient to install all the instruments without bending in the tubing from sampling lines.
Online In Situ Instrumentation
[20] In this section, we present the characteristics of instruments which are relevant to this paper.
[21] A Tapering Element Oscillating Microbalance (TEOM, model 1400a, Rupprecht and Patashnick Albany, New York USA) was used to measure the total suspended particle (TSP) mass concentration (in mg m À3 at standard temperature and pressure (STP; T = 25°C, p = 1013 hPa). The flow rate was 3 L min À1 and the averaging time was 5 min. The sample stream is preheated to 50°C before entering the mass transducer so that the measurement is performed always at very low and constant humidity. Moreover, the relative humidity always remained below 45% during the experiment. As a consequence, the TEOM never showed negative values, which indicate generally the occurrence of volatile compounds. The nominal precision of the instrument is ± 5.0 mg m À3 for 10 min averaging, which Other AMMA experimental devices are also indicated: 1, the buried container and IPC; 2, the laboratory; 3, the power generator; 4, the EOP station; 5, the ARM station, and 6, the heat flux measuring station. is considered as an upper limit for the sampling conditions used during the experiment.
[22] The number size distribution (cm
À3
) over 15 size classes between 0.3 and 20 mm (optically equivalent particle diameter) was measured by a GRIMM OPC (model 1.108, GRIMM Aerosol Technik GmbH & Co., Ainring, Germany). Aerosols are sampled at a controlled volume flow rate of 1.2 L min
À1
. Two optical sensors provide nearreal-time particle number concentration measurements at a maximum logging rate of 0.17 Hz (or 6 s). Averaging time was 5 min for the experiment.
[23] In order to put into evidence the contribution and properties of coarse particles, and that independently of the total concentration, in the following the normalized mass size distributions dM/dlogD p calculated from the number size distribution dN/dlogD p measured by the GRIMM will be presented and discussed. We assumed that particles are spherical, and of homogeneous density of 2.65 g cm À3 , typical of the principal minerals (quartz, clays, feldspath, calcite) constituting mineral dust.
[24] Finally, a spectral aethalometer (AE-31, Magee Scientific Company Berkeley, California) was used to determine black carbon (BC) concentrations. The aethalometer is a filter-based instrument measuring light attenuation of aerosol particles deposited through a quartz filter. Flow rate was set to 3 L min
. The AE-3 series ''Spectrum'' models of aethalometer use an optical source assembly that incorporates seven different solid-state light sources (370, 450, 520, 590, 660, 880, 940 nm) . The content of black carbon (BC) is estimated from the measured optical attenuation at a fixed wavelength l and the optical absorption cross-section s(1/l). Measurements at 880 nm were used to estimate equivalent BC concentrations. At this wavelength, the contribution of mineral dust to attenuation, although positive, is minimal.
Filter Collection and Analysis
[25] Samples dedicated to the analysis of the total elemental concentrations were collected on 37-mm polycarbonate Nuclepore membranes of 0.4 mm pore size (Whatman 1 ). The filter lines were equipped with mass flow controllers (BROOKS, model 5850S, Brooks Instrument, Veenendaal, Netherlands) in order to prevent changes in the flow rate due to filter clogging during sampling.
[26] Additional filter collection on 47-mm Nuclepore membranes (0.4-mm pore size) was performed from a PM10 sampling head working at 1 m 3 h À1 (Ruprecht and Patashnick, Albany, New York USA), which was installed in parallel of the IPCs on the last part of the campaign (31 January 2006) (Figure 4) .
[27] Wavelength dispersive X-ray fluorescence (WD-XRF) analyses have been performed at the LISA in Créteil using a PW-2404 spectrometer by Panalytical. Excitation X rays are produced by a Coolidge tube (I max = 125 mA, V max = 60 kV) with a Rh anode; primary X-ray spectrum can be controlled by inserting filters (Al, at different thickness) between the anode and the sample. Each element was analyzed three times, with specific conditions (voltage, tube filter, collimator, analyzing crystal and detector), lasting 8 to 10 s. Data were collected for nine elements (Na, Mg, Al, Si, P, K, Ca, Ti, Fe) using SuperQ software. The elemental thickness (mg cm À2 ) was obtained by comparing the filter yields with a sensitivity curve measured in the same geometry on a set of dust certified geo-standards (ANRT GS-N) deposited at different concentrations (<150 mg cm
À2
) on Nuclepore filters. This range of concentrations corresponds to that expected for African mineral dust in wintertime. The upper limit is fixed so to reduce artifacts related to the auto-absorption of emitted X ray in the sample (matrix effect). Nevertheless this effect still occurred for the lighter elements (Al, Si, P and Mg). A correction factor was estimated by using the slope of the regression line between the ratios of these elements to Fe versus the total estimated mass (sum of analyzed elements per unit surface of the filter). For the AMMA samples, the limit of quantification of the technique ranged between 3 Â 10 À3 and 13 Â 10 À3 mg cm
, depending on element.
Additional Measurements and Ancillary Data
[28] A saltiphone (Eijkelkamp, Giesbeek, The Netherlands) situated at 5 m from the IPCs allows recording the impacts of sand grain saltating at 9 cm high from the soil surface. The occurrence of saltation is due to wellestablished local aeolian erosion.
[29] A sun/sky photometer of the Aerosol Robotic Network (AERONET) [Holben et al., 2001] was also installed at about 5 km northeast of the Banizoumbou IPCs station. Measured aerosol optical depth at 440 nm and Angström exponent (440-870 nm) will be used in this paper to provide indications of the aerosol seasonal cycle.
[30] PM10 mass concentration (TEOM model 1400a, Rupprecht and Patashnick Albany, New York USA) was also measured at 6.5 m height on a monitoring station set up for the AMMA Enhanced Observation Period (EOP) Wind speed and wind direction (2D sonic anemometer Windsonic, Gill Instrument Ltd.) and air temperature and relative humidity (50Y probe, Campbell Scientific Ltd.) were measured at the same height. The sampling frequency was fixed at 5 min. This station was situated 250 m east of the field (Figure 2 ).
[31] The origin of air masses corresponding to observed events has been obtained by calculation of 5-day back trajectories. Three-dimensional back trajectories were calculated done with the NOAA HYbrid Single-Particle Lagrangian Integrated Trajectory Model (HYSPLIT). The model uses the 1°Â 1°latitude-longitude grid, FNL (acronym for ''final'') meteorological database [Draxler and Hess, 1997] . The 6-hourly FNL archive data is generated by the NCEP's GDAS (National Centers for Environmental Prediction's Global Data Assimilation System) wind field reanalysis. GDAS uses the spectral Medium Range Forecast model (MRF) for the forecast. The FNL database contains basic meteorological field parameters such as the horizontal wind components, temperature, and humidity at 13 vertical levels, from surface level to 20 hPa. Further information on the FNL meteorological database can be found at http://www.arl.noaa.gov/ss/transport/archives.html.
Results

Meteorological Conditions Prevailing During the Measurement Period
[32] Figure 5 locates the SOP0 measurement period within the seasonal cycle of several key meteorological parameters such as the (1) absolute humidity computed from the values of relative humidity and temperature [Sonntag, 1990] measured at the EOP station, (2) daily wind direction, and (3) daily maximum wind speed. The dry season, which is characterized by very low absolute humidity values ranging from 2 to 7 g m À3 , can be distinguished very clearly on Figure 5a . During this period, the ITCZ is south of the measurement site and the fact that only a few humidity peaks are observed within the surface boundary layer shows that incursions of southern humid air masses to Banizoumbou are rather rare. In the meantime, the prevailing winds blow from the northeast direction (average direction is 45°on Figure 5b) , which is typical of the Harmattan wind blowing over the Sahel in the dry season. Figure 5 also shows that absolute humidity tends to decrease during the dry season whereas daily maximum wind speed increases. From this point of view, the whole SOP0 measurement period is typical of the mean dry season conditions except for a single event of humid air transport that occurred on 18 January 2006. It can also be mentioned that during SOP0 the daily maximum wind varied significantly between 4 and 8 m s
À1
.
Aerosol Loading and Typology During the Measurement Period
[33] The longest survey of aerosol loading available for Banizoumbou is provided by the sunphotometer that was implemented there in 1995 [Holben et al., 2001] . This instrument theoretically provides a continuous record of vertically integrated optical depths and associated retrieved optical properties but owing to some maintenance problems in this remote area there are numerous gaps in level-2 quality assured data set. For this reason, only the more recent, and better quality, measurements performed since 5 July 2002 are used in this work.
[34] The monthly sliding averages of the Aerosol Optical Depth (AOD) at 440 nm (t a440 nm ) and of Angström's exponent computed between 440 and 870 nm (a 440 -870 ) for five full years are reported on Figure 6 . For a given aerosol type, the AOD is proportional to the atmospheric aerosol load whereas a 440 -870 can be considered as a basic measure of the aerosol size distribution. Indeed, its value is negatively correlated to the proportion of coarse particles in the aerosol. For instance, Holben et al. [2001] and Ogunjobi et al. [2008] consider that a 440 -870 values less than 0.4 are typical of situations dominated by coarse mineral dust. On the contrary, larger a 440 -870 values denote the presence of submicron aerosol such as those produced by biomass burning or other anthropogenic processes.
[35] Figure 6 shows that over the last 5 years, the aerosol climatology is characterized by a marked seasonal pattern. Between the beginning and the end of February, a 440 -870 decreases dramatically to values lower than 0.3 and increases rapidly again in July. As reported by several authors [Ben Mohamed et al., 1992; Holben et al., 2001; Ogunjobi et al., 2008] the largest AODs are systematically associated with the smallest a 440 -870 but the contrary is not true since a 440 -870 remains low even when the AOD is small. This shows that the coarse mineral dust dominates the overall aerosol during the whole February -July period, that is to say not only during the dry haze events but also in between these large concentration events.
[36] For the rest of the year (from August to February) a 440 -870 is larger and more variable than during the former period. Low a 440 -870 values can be associated with AOD peaks during occasional dry haze events interspersing longer periods which were influenced by finer aerosols.
From 2003 to 2006, the largest a 440 -870 have been recorded between December and January. They are usually attributed to biomass burning which is widespread in this period in the Sudanese area, south of the sampling site [Holben et al., 2001; Ogunjobi et al., 2008] . Such huge bush fires do not happen in the Niger where vegetation burning is not authorized by the law. This suggests that the carbonaceous aerosols are mainly transported over the site during these months.
[37] Results obtained between 2003 and 2007 show that the variations of a 440 -870 follow the same pattern as the one already described by Holben et al. [2001] from the first 2 years (1995 -1997) of measurements of the Banizoumbou sunphotometer. This cycle is also consistent with the observations performed by Ben Mohamed et al. [1992] in Tahoua, a small town 1.5°north of Niamey. Conversely, the data they collected in Niamey between February 1986 and June 1987 do not display the same trend. As suggested by the previous authors themselves, this is probably due to the fact that the city pollution may have influenced their results. Noteworthy is the fact that the dust cycle does not coincide with the alternance of the two main Sahelian seasons. Indeed, the influence of mineral dust begins to be clearly dominant only after the middle of the dry season and continues doing so well after the beginning of the rain season.
[38] Though the measurements have been performed for five full years only, an interannual variability can already be noted. For instance, with lower AODs and larger a 440 -870 s, the dust period in 2003 is less marked than during the other years. Similarly, the influence of fine aerosols has been particularly pronounced in 2002, and even more so in December 2005 and January 2006.
[39] In summary, with its average a 440 -870 and AOD (0.58 ± 0.25 and 0.47 ± 0.22, respectively) SOP0 is located in a transition zone between the period influenced by carbonaceous aerosols and the one dominated by mineral dust. It also happens to have been performed in the year when the importance of the carbonaceous component in December/ January has been the largest of the 5-year reference period. The continuous recording of PM10 mass concentration performed at the EOP station since the end of 2005 can be used to assess the characteristics of the SOP0 dust load within the broader frame of the entire dry season. Figure 7b , which compares the daily means of the PM10 to those of the AOD measured at 440 nm by the sunphotometer, reveals that these two quantities are largely independent at the beginning of their common measurement period but tend to covary after mid-January. Note the exception of 18 January which corresponds to an intense biomass burning event which will be discussed later. This link between AOD and surface mass concentration shows that aerosols present in the atmospheric column are also detected at ground level, or in other words that they are not transported in upper air levels only. The fact that the aerosol causing the AOD enhancement are also able to increase the surface mass concentration suggests that they are made of coarse, and hence heavy, particles such as mineral dust rather than of fine carbonaceous particles. This is well confirmed by the low Angström Exponent values (Figure 7a ) observed during the second period.
[41] Conversely, the lack of correlation of PM10 and AOD at the beginning of the measurement period (and during 18 January) suggests either that the aerosols are then transported aloft without reaching the ground and/or that they are made of light carbonaceous particles unable to influence significantly the mass concentration measured at the surface. These results are consistent with the observations already discussed above and with the generally higher Angström Exponents confirming the occurrence of small carbonaceous particles. In this temporal frame, SOP0 is located in the period when AOD and PM10 began to covary. In addition, even though the major dust events of February and March 2006 [Slingo et al., 2006] occurred after the end of SOP0, the daily means of the PM10 measured during this period are typical of the second part of the dry season.
In Situ Measurements 3.4.1. Identification of Intense Episodes
[42] As shown in Figure 8 , the time series of the TSP mass and number concentrations (measured by the TEOM and GRIMM OPC, respectively), were highly correlated.
[43] A number of episodes are evident above a relatively constant background of about 100 mg m À3 (by mass), corresponding to a particle number concentration of about 30 cm [44] Among episodes meeting at least one of these criteria, we only retained those for which at least one filter sample was available, and for which the XRF analysis was possible. In total, 5 episodes of type L i , 13 episodes of type D i and 2 episodes of type B i were retained (Figure 9 ). The characteristics of these episodes are shown in Table 1 .
[45] On the basis of their composition (see section 3.4.3), episodes of type D i and L i are attributed to advection of mineral dust. These two types of episodes are characterized by similar mass concentrations values, but different duration. Type D i events lasted on average 19 (±13) hours, whereas the duration of episodes of type L i never exceed 3 hours. Furthermore, these events occurred systematically at the same time of the day (1000 local time), which is not the case for episodes D i .
[46] No particular conclusion regarding time occurrence can be drawn for the type B i episodes, which were detected only on two occasions. These events are characterized by an enhancement more important in the number than in the mass concentrations. As discussed in section 3.4.3.3, these episodes could be associated unambiguously to intrusion of biomass burning aerosol-laden air masses from the south.
Dynamics of Local Emission and Advection of Mineral Dust
[47] The role of surface layer dynamics on the occurrence of episodes D i and L i is investigated by looking at the surface wind speed (6.5 m above ground). Figure 10 shows the time series of the surface wind speed measured during the experiments. Values corresponding to the episodes are identified.
[48] The temporal behavior of wind speed is characterized by a well marked daily cycle which is typical of the Harmattan period [Dubief, 1979] . Wind speeds are low at night, and they increase abruptly in morning, reaching their maximum around 1000 local time, because of the thermal instability induced by solar insulation. Events of type L i are associated to these thermal winds, occurring when wind speed exceeds 6 m s À1 and ending when the wind speed decreases below this threshold. This suggests that episode L i is due to local emission due to soil erosion in the proximity of the sampling site. It is worth mentioning that, during those episodes, no saltation could be measured at the site. However, the visual observation of creeping sand grains suggests that the wind speed was just reaching the erosion threshold.
[49] Beside the daily cycle, longer-time variability seems to exist. Periods of few days with higher mean wind speed could be identified (19 -21 and 27 -29 January; 7 -12 February) in contrast to few-day periods characterized by low wind speeds (23 -24 January; 4 -6 February). These two types of period are concurrent with the episodes of type D i , which occurred even if the wind speed did not reach the (Figure 10 ). These events generally reach maximum concentration when wind speed is high, i.e., when turbulence is maximum, but they started systematically before wind speed reached its maximum, and may last at nighttime when the wind is almost null (Figure 10 ). In conclusion, the lack of direct correlation between the surface wind speed and the occurrence of episodes D i indicates that these are due to synoptic-scale advection of dust from distant sources.
[50] These conclusions are further supported by the lidar observations of the aerosol vertical profile also performed at Banizoumbou during the SOP0 [Heese and Wiegner, 2008] .
The time series of the vertical profile for the aerosol backscatter coefficient measured on 19 January shows a surface layer existing only between 1015 and 1030 local time, well in agreement with the maximum wind speed and with the occurrence of episode L 1 .
[51] Conversely, the time series of the vertical profile for the aerosol backscatter coefficient measured on 15 January shows that the increase of dust concentrations measured at the surface (episode D 1 ) is due to turbulent mixing at sunrise, when a dust-laden air mass located between 0.5 et 0.9 km above ground at nighttime is mixed with the stable dust free surface layer of the night. Then, the surface dust layer persisted through the day.
Elemental Signature of the Individual Episodes
[52] The aerosol total elemental composition has been determined from the 76 filters collected during the field campaign. The mean percent composition (±standard deviation) estimated from the measured elements (Mg, Al, Si, P, K, Ca, Ti, Fe) is shown in Table 2 .
[53] Al and Si represent $75% of the analyzed elemental mass, indicating that the variability of measured mass concentrations is related to the occurrence of mineral dust. The contribution of BC from biomass burning (not included in Table 2 ) is minor, accounting at the maximum for 5% of the total mass measured by the TEOM for an episode of exceptionally high BC concentrations (see below).
[54] A statistical treatment of the elemental fingerprinting of the aerosol composition, and its variability, has been obtained by Principal Component Analysis (PCA) available within the Statistica # software package. The PCA data treatment consists in identifying common factors (or axis) based on the covariance of the time series of elemental concentrations. These factors can be associated with mineralogical families, which might, or might not, represent a source. This treatment was applied to the entire filter database, including the PM 10 filters which had started been collected from 31 January onward.
[55] Three factors (axis) were identified, allowed representing the 90% of the total variability of elemental concentrations during the field campaign. Each of them accounted for 46, 26 and 17% of the variability, respectively. The first factor (F 1 ) is controlled by Ti, Fe, and Al, and by Ca and Mg in opposition (Figure 11a ). Correlation coefficients of these elements with F 1 are respectively: 0.87, 0.83, 0.79, À0.83 and À0.81. The second factor (F 2 ) is controlled by Si (0.96) (Figure 11a) , and the third (F 3 ) by K (À0.85) and P (À0.71) (Figure 13a in section 3.4.3.3) . The next step is looking at how the measured concentrations are represented by these factors. For sake of clarity, we will limit the discussion to the 20 episodes identified. This represents 40 TSP filters, and 13 PM 10 filters. 3.4.3.1. Episodes Type D i : Synoptic-Scale Advection of Dust From Distant Sources
[56] Thirty-two TSP and 13 PM 10 filters were collected during type D i episodes. These are represented by factors F 1 and F 2 . Filters corresponding to a single episode grouped in clusters and showed little variability, whereas different episodes well separated along the axis (Figure 11b ). This suggests that, while the elemental composition does not change during an episode, different episodes might have different composition. This can be explained by looking at 5-day back trajectories calculated in correspondence of each episode (Figure 12 ). Episodes with different composition (such as D 1 , D 3 , D 7 ) correspond to transport from different regions, whereas episodes for which the composition is similar, correspond to air masses of similar origin (such as D 3 and D 5 ). Differences in composition therefore represent differences in source region of emission. Mean composition (%) 2.6 20.5 54.1 0.24 3.7 6.5 1.5 10.9 STD (%) 0.9 1.6 2.0 0.03 0.8 1.5 0.3 0.7 Coefficient of variation (%) 15.1 7.7 3.7 13.3 20.8 23.0 17.6 6.5 
Episodes Type L i Local Emission
[57] Five TSP filters were collected during type L i episodes. These converge into a close cluster along the F 1 -F 2 axis (Figure 11b ). F 1 is the dominant factor; that is, they are enriched in Fe, Ti and Al, and conversely poor in Ca and Mg. This is in good agreement with previous measurement performed during wind erosion episodes in the area [Rajot and Valentin, 2001] , thus with their supposed local origin. One only episode (L 2 ) presented a moderate Fe-Al signature, and a composition closer to that of the type D i episodes of advection. As a matter of fact, episode L 2 just preceded that of episode D 4 . Its composition likely represents a mixture between those of locally emitted and advected dust. This kind of mixing is difficult to detect, as in wintertime local emission episodes are of very low intensity and duration. However, the threshold wind speed of 6 m s À1 above which local erosion is triggered has been reached several times during advection cases. In this case, it can be expected that at least some amount of locally produced dust should be mixed with the transported one. In order to estimate in what proportion local dust is present in the mixing, the following assumptions have been made: (1) over the short duration of local events, the concentration in advected dust varies linearly; and (2) local erosion occurs at wind speeds larger than 6 m s À1 . Under these assumptions, the part (L Ti ) of the concentration C i measured by the TEOM during a mixed local/transport event that is really due to local emission can be expressed as
where C b and C a are the concentrations due to transported dust only and measured immediately after and before the local erosion period.
[58] By doing so, the contribution of local erosion to the overall dust concentration measured during SOP0 is found to be on the order of 1.5%.
[59] Finally, it must be noted that the determination of the elemental signature of local erosion episodes have been possible only when sampling was of very short duration, performed very close to dust concentration peaks and in absence of advection.
Episodes Type B i : Biomass Burning Emission Aerosols
[60] Three TSP filters were collected during type B i episodes, which are attributed to advection of biomass burning aerosols. As a matter of fact, episodes B i are characterized by enrichment in elemental potassium (represented by factor F 3 ; Figure 13 ) good tracer for aged biomass burning [Gaudichet et al., 1995] , and are associated to air mass originating from South of the Sahel Zone (Figure 14) , where fire activity is important at this time of the year. These episodes of long-range transport are clearly evident when looking at the time series of the attenuation measured at 880 nm by the aethalometer (Figure 15 ). Attenuation varied between 0.1 and 4.5, the highest value being measured during episode B 1 . Attenuation may be due to dust or black carbon. Dust events such as D1 (15 January) or D10 (9 February) are easily recognizable. Beside those episodes, attenuation tends to be higher at nighttime when the boundary layer is stable. Local sources of BC are domestic wood burning, generally done twice a day in the morning and in the evening, and fires for disposal of shrubs which have been cleared from the fallows assigned to millet cultivation during the next rainy season. Owing to legal regulation, these last fires are scarce and only occurred at nights when wind speed is low enough to avoid uncontrolled extension of the fire. Conversely, no contribution from road traffic is expected as the closer road is at 12 km from the sampling site.
Aerosol Size Distribution
[61] The mass fraction of particles coarser than 7.5 mm, a limit that has been chosen because it separates two different particle populations (see below), can be derived simply from the aerosol size distribution measurements performed with the GRIMM optical counter. The results of this computation (Figure 16 ) show that this proportion fluctuates between 10% and a little more than 60% during the measurement campaign. The largest values are clearly those associated with local erosion events. During these L-type events the proportion is always larger than 50%. Conversely, the lowest values are obtained during the D-type events. Noteworthy is the fact that during these events the size distribution is not stable. Indeed, a decrease with time of the importance of the coarse particles is generally observed, for events D3, D4, D6, D7, D8, D11, and D12, for instance. However, coarse particle peaks can also be observed occasionally, as during D1, D5, and D10. These size distribution changes observed during advection events of D type could be due to the mixing of coarse particles produced locally with finer aerosols that have undergone long-range transport, as for already described L2 and D4 events mixing. For the other events, the decrease in the proportion of coarse particles is less clear. It could either be due to the increasing proportion of fine-transported particles in a relatively coarse background aerosol, or to the fact that the front of the transported plume is richer in coarse particles than the tail.
[62] The typical size distributions corresponding to each type of events are represented on Figure 17 . In this representation, the early stages of the type D events have been distinguished from the late ones. Practically, each reported size distribution is an average of the measurements performed over periods when the proportion of coarse particles remained stable (±5%). The duration of these periods varies between 35 min and 5 h. For the L-type events, computations have been made over the whole duration of the event. B1 and B2 are also represented but the beginning and the end of the event have been separated for B1 only.
[63] The most striking feature of Figure 17 is the commonality in size distribution of events belonging to a given type. Contrary to what was observed with elemental composition that could differ from one D event to the other, no distinction can be made between these events on the ground of their size distribution. Two particles populations can be distinguished on the size distribution: one coarse mode (mode 1) located in the 7.5-to 10-mm size class (geometric mean = 8.66 mm) and a finer one (mode 2) in the 4-to 5-mm size class (geometric mean = 4.47 mm). During L events, mode 1 is clearly dominant whereas D events are made of a mixture in varying proportions of modes 1 and 2. More precisely, the importance of mode 2 in this mixture increases with time during a given event.
[64] A close examination of the mass of particles present in the largest size class of the GRIMM counter suggests that a third particle population (mode 0) too coarse to be characterized with the optical counter could also be present in the aerosol. It seems that the amplitude of this mode could be decreasing progressively when one goes from L to early D, and finally to late D events. On the other side of the size spectrum, the contrary is observed for a submicron population whose mode is located approximately between 0.8 and 1 mm.
[65] The only difference between the size distribution of the B-type events and those of the L and D type lies in the presence of a submicron particle mode below 0.5-0.65 mm diameter. This size has already been recognized as an upper limit for the size of BC particles [e.g., Clarke et al., 2004] . It is also probably in this very fine size range that must be located the bulk of the BC particles detected by the aethalometer outside the B events. Therefore, the rest of the size distribution must be controlled by mineral dust particles. With mode 1 initially dominating and the mode 2 progressively taking over, the B1 event is similar to events of the D type. As for B2, it is dominated by mode 2.
[66] After 31 January, air suspended particles have been collected in parallel on two identical filters, the only difference being in the size cutoff because one of the filters was connected to the IPC and the other to a PM10 sampling head. Elemental analyses performed on the samples confirm by an absolutely independent method the mass size distribution variations retrieved from the optical counter measurements. In particular, the mass fraction of particles larger than 10 mm varies from 8 to a little more than 50% during the whole duration of the common measurement period (not shown). The largest proportion of particles coarser than 10 mm (51%) is obtained during the L5 local event. Large variations are also observed during individual D-type events (e.g., decreases from 42 to 29% and from 28 to 16% during D8 and D10, respectively). These variations are in the same order of magnitude than those deduced from the optical counter measurement, which suggests that the mass of the coarse mode not seen by the GRIMM (mode 0) is significantly less than the cumulated masses of modes 1 and 2 defined above.
[67] The results of elemental analysis performed simultaneously on the PM10 filters and on the TSP ones are reported on Figure 11b . They coincide almost exactly in their projection on axes 1 and 2, which shows that their composition is identical in particular during D-type events. In turn, this last result suggests that modes 1 and 2 should not be significantly different regarding their mineralogical composition.
Discussion and Conclusions
[68] The AMMA supersite of Banizoumbou is a remote site located in the middle of the cultivated Sahel, and in the vicinity of some major mineral dust source areas (the northeast desert in Niger and the Bodélé depression in Chad).
[69] In addition to long-term measurements, which have been performed since the early nineties [Holben et al., 2001 , Ogunjobi et al., 2008 , a sophisticated multi-instrument platform was deployed at the site during the special observation periods of AMMA. The double aim of this experimental setup was to document the atmospheric load in mineral dust produced by wind erosion and carbonaceous aerosols produced by biomass burning, and, at the same time, their compositional and physical properties.
[70] This paper presents time series of meteorological parameters, aerosol concentrations, and aerosol composition in order to illustrate the representativeness of the SOP0 period within the annual cycles of these characteristics. The occurrence of specific episodes of intrusion of advected and locally emitted mineral dust, as well as of biomass burning aerosols, is also highlighted and characterized in terms of their origin, aerosol composition and size distribution.
[71] The major conclusions of this work can be summarized as follows.
Seasonal Cycle and Interannual Variability
[72] In accordance with previous observations by Holben et al. [2001] , the column aerosol loading and type are characterized by a seasonal cycle. A first period extending from July to January is characterized by relatively low aerosol concentrations associated with high Angström's exponent values, indicating that the contribution of fine particles, which are probably of biomass burning origin, to the overall aerosol is significant.
[73] During the rest of the year, mineral dust dominates the aerosol load of the atmosphere. Average concentrations are also globally higher and intense episodes more frequent. Remarkably, this aerosol seasonal cycle is not in phase with the meteorological seasonality. Indeed, dust systematic prevalence only starts in the middle of the dry season and lasts well after the beginning of the wet season.
[74] Regarding interannual variability, the 2006 SOP0 period compares well to the four previously documented dry seasons. Indeed, even though it is found that the frequency and contribution of biomass burning episodes to the aerosol optical depth is larger than during the previous years this enhancement remains within the limits of the expected interannual variability.
Episode Measured at the Surface Level: Height of Transport
[75] Our measurements show that both mineral dust and biomass burning aerosols episodically came close to the surface. The only two episodes of biomass burning that were detected in Banizoumbou lasted for less than 3% of the entire measurement period, and were associated with air masses originating from the south of the Sahel zone. Lidar and aircraft measurements show that layers of biomass burning were more frequently encountered in the free troposphere [Heese and Wiegner, 2008; Johnson et al., 2008] . Although longer time series would be needed to confirm this, the fact that biomass burning episodes extended down to ground level is probably more an exception than the rule. This is illustrated by the 18 January 2006 episode, which corresponded to a particular case of recirculation at regional scale of a moist air mass originating from southern Sahel. Such an increase of air moisture at the surface is exceptional when one looks to the humidity time series of 2005 -2006 dry season ( Figure 5 ).
[76] In addition to those produced by large-scale vegetation burning taking place in the south, absorbing aerosols can be released by much smaller local fires used for cooking or land clearing. These carbonaceous particles dominate the aerosol number size distribution below 0.4 mm. Their effect on the aerosol optical properties in the surface layer might not be negligible, and needs being estimated.
[77] Conversely, intense episodes of mineral dust represent 35% of the duration of the whole sampling period. The majority of these episodes were from distant sources. The good correlation between the concentrations measured at the surface and the vertically integrated aerosol optical depth suggests that most of the time dust is transported close to the surface, at least during daytime [Ben Mohamed and Frangi, 1986] . Indeed, lidar [Heese and Wiegner, 2008] as well as other surface measurements confirm the major part played by dynamics in the formation of concentration peaks recorded at ground level. Those maxima are usually observed around the middle of the day at a time when thermal instability favors vertical development of the planetary boundary layer (PBL) that is thus able to reach the height of the transport layer. Those particles are then homogenized in the mixing layer and transported downward to ground level. Noteworthy is the fact that this process coincides in time with the occurrence of maximal wind speeds at the surface, which can themselves result in local wind erosion provided they become larger than the erosion threshold. Such short duration events have been observed on five occasions when the wind speed recorded at an elevation of 6.5 m above ground and averaged over 5 min became larger than 6 m s
À1
. Our estimations show that, owing to these events, the contribution of local emissions to the overall mineral dust concentrations recorded during the whole field campaign does not exceed 1.5%. Note that this contribution is expected to increase for at least two reasons during the dry season: (1) the surface wind speed tends to increase with time ( Figure 5 ) and (2) the surface aerodynamic roughness that controls the emission threshold [Marticorena and Bergametti, 1995] decreases [Bielders et al., 2004] .
[78] A similar diurnal cycle in wind intensity, with the appearance of a nighttime low-level jet and a daytime maximum surface wind when momentum is mixed downward in turbulence, associated to enhanced dust emissions, is described by Washington et al. [2006] for the Bodélé depression. Mbourou et al. [1997] already observed such a dust diurnal cycle at the Sahelian scale during the dry season. This dynamics linked to low-level jet seems widespread in the Sahel [Lothom et al., 2008] . Depending on surface features and dust load, this low-level jet and turbulence could induce dust emission, entrainment of dust in the PBL or a combination of these two phenomena as it was observed at Banizoumbou.
Size Distribution
[79] During the measurement campaign, the aerosols volume size distributions are controlled by the mineral dust component. Biomass burning particles are found in the size range below 0.65 mm, this upper limit being measurable only during the two episodes of advection of distant biomass burning. All the measured size distributions can be considered as a mixture of four particle populations. The finest, centered on a diameter slightly smaller than 1 mm, is in part influenced by carbonaceous particles. On the opposite side of the size distribution, the largest population whose mode is probably larger than 30 mm cannot be fully detected with the optical counter. The two intermediate populations are centered on 4.5 and 9 mm, respectively. The modes of the three finest populations are systematically smaller than those (1.6, 6.7 and 14.2 mm), obtained by Alfaro et al. [1998] . A possible cause for discrepancy might be the fact that our values have been derived from measurements performed with an OPC calibrated with latex spheres that do not have the same refractive index than mineral particles.
[80] As compared to episodes of long-range transport, local erosion events are characterized by the dominance of the two coarsest particle modes. The very little contribution of the finest modes is quite consistent with the sandblasting theory proposed by Alfaro et al. [1998] and Alfaro and Gomes [2001] . Indeed, local erosion is due to local winds that are just above the erosion threshold and not strong enough to free the smallest particle populations that are also the hardest to release. Note that it can be expected that this production will become possible only later in the dry season when wind speed become larger than during SOP0 (see above).
[81] All the long-range transport events have similar size distributions dominated by the 4.5 and 9 mm modes. Typically, the 9-mm mode always dominates at the beginning of the event but the importance of the finer mode progressively increases until it dominates toward the end. These size distributions are within the very wide range of size distributions reported by Goudie and Middleton [2001] .
Regional Variability of the Mineral Dust Elemental Composition
[82] The statistical analysis of the covariance of the time series of elemental concentrations obtained by filter sampling allows discriminating different types of episodes (advected dust, locally emitted dust, and biomass burning). The episodes of locally emitted dust are enriched in Al, Ti and Fe, and poor in Ca and Mg, which is typical for the region.
[83] The episodes of advection can be classified according to the origin of air masses traced by back-trajectory analysis. Remarkably, the largest differences in composition are obtained for air masses which originated from opposite sectors (northeast and northwest for the episodes of 15 January and 1 February, respectively). These differences in elemental composition also correspond to differences in the mineralogical composition . The next step will consist in establishing whether these compositional differences are reflected in the optical and radiative properties.
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